This paper aims to enhance the speed stiffness of the electro-hydro-mechanical system (EHMS). Focusing on the variable speed pump-controlled hydraulic motor system (VSPCMS), a typical EHMS, a mathematical model was established to discuss the coupling mechanism between multiple system parameters under the load condition, the physical meaning of system speed stiffness was explained, and the law of speed stiffness was disclosed under the action of multi-source variables. Moreover, several experiments were carried out to explore how the system speed stiffness is affected by three leading influencing factors in the VSPCMS, hydraulic motor displacement, leakage coefficient (system temperature and pressure) and motor shaft inertia. The experimental data agree well with the theoretical results: the system speed stiffness is positively correlated with hydraulic motor displacement and hydraulic motor shaft inertia and negatively with leakage coefficient. The research findings lay a theoretical basis for enhancing system speed stability, reducing speed fluctuations and optimizing system design.
INTRODUCTION
With simple structure, easy control and low noise, the electro-hydro-mechanical system (EHMS) has been extensively applied in such fields as aerospace engineering, precision machining and construction machinery. A typical example of the EHMS is the variable speed pump-controlled hydraulic motor system (VSPCMS). This system offers an ideal solution to elevators and injection moulding machines, thanks to its global power matching [1] [2] . With the development of modern industry, stricter requirements are now being imposed on the operation of mechanical equipment. This calls for deep exploration into the performance of the VSPCMS.
The operation of the VSPCMS directly hinges on the speed stiffness, an indicator of the system's ability to output a stable speed against the load change. As the combined effect of multiple system parameters, this indicator reveals many working conditions of the system, including flow fluctuations, electric motor features, oil-liquid compression, hydraulic pump/motor oil leak and shaft load, and induces changes to system operation. For better application of the VSPCMS, it is meaningful to discuss and disclose the law of speed stiffness.
Signals, such as vibration, flow, pressure and so on, are the common performance evaluation indicators. These signals are effective for component performance evaluation. Due to the change of working conditions and operating parameters, these signals are submerged in strong vibration or noise signal. So there are some limitations in using these single signals as system performance evaluation indicators. Whereas the speed stiffness is proved to an effective indicator to evaluate the system [1] [2] [3] .
In general, the VSPCMS is featured by a poor speed stiffness. The existing studies on this system mainly concentrate on the design of hydraulic motor speed controller and control algorithm [6] [7] [8] [9] [10] , or the stiffness of a subsystem of the MEHS [11] [12] . There are few systematic reports on the theories of the speed stiffness of the VSPCMS. To make up for the gap, this paper analyses the multiparameter coupling mechanism of the VSPCMS, a typical EHMS, discloses the physical meaning of the system speed stiffness, and investigates the law of speed stiffness under the action of multi-source variables. The research findings lay a theoretical basis for enhancing system speed stability, reducing speed fluctuations and optimizing system design.
The remainder of this paper is organized as follows: Section 2 analyses the multiparameter coupling mechanism of the VSPCMS; Section 3 introduces a method for discussing the speed stiffness of the VSPCMS; Section 4 verifies the method through experiments and analyses the experimental results; Section 5 wraps up this paper with several meaningful conclusions.
MULTIPARAMETER COUPLING MECHANISM
According to the simplified model in Figure 1 , the VSPCMS consists of three subsystems, namely, the electric motor-hydraulic pump subsystem, the hydraulic pumphydraulic motor subsystem, and the hydraulic motor-load subsystem.
The following assumptions were put forward for subsequent analysis:
(1) The leakage of the hydraulic pump and the hydraulic motor flows in a laminar pattern.
(2) The pressure loss in the pipe between the hydraulic pump and the hydraulic motor is negligible.
(3) The flow pulsation of the oil supply by the hydraulic pump is not considered.
(4) There is no elastic load (A servo system is mainly subjected to the inertial load, with no or a negligible amount of elastic load. This is particularly true for a servo system containing a hydraulic motor).
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Figure 1. Simplified model of the VSPCMS
The multiparameter coupling of the VSPCMS (Figure 1 ) can be described by a set of differential equations of its three subsystems [13] [14] [15] [16] 19] :
(1) Electric motor-hydraulic pump subsystem:
where n is the number of pole pairs of the electric motor; ωs and ωe are the synchronous speed and shaft speed of the electric motor, respectively; LM and LR are the mutual inductance of the three-phase stator winding and the selfinductance of the three-phase rotor winding of the electric motor, respectively; Tr is the rotor time constant; s is the differential operator; isM is the stator current excitation component; p and pr are the high-pressure pipe pressure and charge pressure of low-pressure pipe in the of the hydraulic system, respectively; Dp is the displacement of the hydraulic pump; Be is the viscous damping coefficient of the output shaft in the electric motor; Je is the total inertia of the electric motor and the pump (converted to that on the electric motor shaft).
Through Laplace transform, Eq (1) can be rewritten as:
where Dm is the displacement of the hydraulic motor; Cip and Cep are the internal and external leakage coefficients of the hydraulic pump, respectively; Cim and Cem are the internal and external leakage coefficients of the hydraulic motor, respectively; ωp and ωm are the shaft speeds of the hydraulic pump and the hydraulic motor, respectively; V0 is the volume of the chamber (including a working chamber, a non-working chamber, and the connecting pipe between the two chambers of the hydraulic pump and the hydraulic motor); βe is the bulk elastic modulus of oil.
Note that the viscosity of hydraulic oil may change with the temperature and pressure, leading to varying leakage rate of the hydraulic pump and hydraulic motor, which, in turn, affects the output flow of the pump and the input flow of the hydraulic motor. Therefore, the temperature and pressure must be compensated, that is, the leakage coefficients of the hydraulic pump and motor must be corrected [17, [20] [21] . Here, the Vogel equation on viscosity-temperature relation is introduced:
where 0  is the dynamic viscosity of hydraulic oil at a given temperature under one bar; a, b and c are the coefficients associated with the hydraulic oil; T is the oil temperature.
When the pressure is greater than 5MPa, the effect of pressure on the viscosity must be considered. The relation between viscosity and pressure satisfies the Barus equation:
where μ is the dynamic viscosity of the oil; λ is the pressureviscosity coefficient. Considering the pressure, temperature and working condition, the dynamic leakage coefficient of the pump can be expressed as:
where k is the fuzzy compensation coefficient of working
Considering the dynamic leakage coefficient, Eq (2) can be rewritten as follows through Laplace transform:
where m J is the total inertia of the hydraulic motor and the load (converted to that on the shaft of the hydraulic motor); m B is the viscous damping coefficient of the output shaft of the hydraulic motor; L T is the load moment acting on the shaft of the hydraulic motor.
Through Laplace transform, Eq (6) can be rewritten as: Eq (7) shows that the conversion between the mechanical, electrical and hydraulic energies of the VSPCMS changes with any internal parameter of the system (e.g. the displacement of the hydraulic pump, the displacement of the hydraulic motor, the leakage coefficient, and bulk elastic modulus of the oil). In this case, the system output m  will undergo changes until reaching a new state of equilibrium. Under the new state, the other internal parameters of the system will also change. This process is called multiparameter coupling.
SPEED STIFFNESS ANALYSIS
The speed stiffness illustrates the impact of the load disturbance torque L T on the output speed m  of the hydraulic motor. In the VSPCMS, the speed stiffness reflects the ability of the system to output a stable speed against load changes. According to Eq (7), the dynamic speed stiffness features of the system can be obtained as: Eq (8) shows that the speed stiffness of the system is the result of the coupling between multiple system parameters. The value of the speed stiffness is mainly affected by the displacement of the hydraulic pump and motor, the rotational inertia of subsystem, the viscous damping coefficient, the leakage coefficient of the hydraulic system, and the bulk elasticity module of the oil. The symbol in Eq (8) reveals negative correlation between the load torque and the system output speed.
The relationships between the dynamic speed stiffness and the multiple parameters are as follows: the speed stiffness is positively correlated with the leakage coefficient, the load inertia and the displacement of the hydraulic motor, and negatively with the displacement of the hydraulic pump. The variation in the load conditions is bound to cause changes to the internal parameters of the system. Thus, the speed stiffness of the system must change dynamically with the working condition. The stronger the speed stiffness, the stronger the system's resistance to impact and disturbance and the more stable the system output.
The real-time and no-load shaft speeds and torques of the hydraulic motor (hereinafter referred to as the experimental data) are denoted as   Figure 2 is the schematic diagram of the VSPCMS. Specifically, the permanent-magnet synchronous motor (PMSM) 13 controls the hydraulic motor speed together with the servo controller 18. The current converter 7 converts the control voltage into control current signals. The signals determine the output torque of magnetic powder brake 6 on the piston motor 3. Besides, different number of inertia disks can be added to the hydraulic motor shaft to simulate different load inertia conditions. The output shaft of the hydraulic motor has a speedometer disc 4 and a magneto-electric tachometric transducer 8. The disc and the transducer work together to measure the hydraulic motor speed. In addition, the system boasts several sensors of flow, pressure and temperature. The signal captured by each sensor is transferred via the Advantech data collection system to the industrial computer 20 (language environment: LabVIEW) for processing. And the main experimental components and parameters are shown in Table  1 . As mentioned before, the system speed stiffness may undergo changes due to the dynamic change of the internal parameters of the system. Hence, hydraulic motor displacement, leakage coefficient and hydraulic motor shaft inertia were selected to discuss their effects on the speed stiffness of the experimental system in Figure 2. 
EXPERIMENTAL VERIFICATION

Hydraulic motor displacement
The experimental data at the hydraulic motor displacements of 6mL/r, 8mL/r and 10mL/r were recorded with zero inertia disc at the electric motor speed of 600 r/min, the oil temperature of 20°C and the magnetic powder brake controlled voltage of 0.55V. The speed stiffness curves of the system are shown in Figure 3 . As shown in Figure 3 , the speed stiffness of the system exhibited a significant improve with the increase of the hydraulic motor displacement. This trend is attributable to the decline in the hydraulic motor speed (primary cause: the system speed gain is negatively correlated with hydraulic motor displacement; secondary cause: the displacement increase reduces the system pressure and leakage and the drop of hydraulic motor speed). The relationship between the system speed stiffness and hydraulic motor displacement is given in Figure 4 . It can be seen that the two parameters have a quadratic relationship. The fitting curve equation 
Leakage coefficient
Among system parameters, system temperature and pressure are leading influencing factors on the leakage coefficient. Thus, this subsection aims to disclose their impacts on system speed stiffness.
(1) System temperature The experimental data at the oil temperatures of 20℃, 27℃ and 36℃ were recorded with zero inertia disc at the electric motor speed of 600 r/min, the hydraulic motor displacement of 10mL/r and the magnetic powder brake controlled voltage of 0.55V. The speed stiffness curves of the system are shown in Figure 5 .
Figure 5. Speed stiffness curves at different temperature
As shown in Figure 5 , the motor speed stiffness exhibited a decline trend with the rise in temperature. This is because the dynamic viscosity of the oil decreases with the increase in oil temperature, resulting in a growth of the system leakage coefficient. In this case, the drop of hydraulic motor speed increases, which reduces the system speed stiffness. The experimental data are consistent with the theoretical results.
(2) System pressure The experimental data as the magnetic powder brake controlled voltage changed along 0V-0.8V-0V were recorded with zero inertia disc at the electric motor speed of 600 r/min, the hydraulic motor displacement of 8mL/r and the oil temperature of 33℃. The speed stiffness curves of the system are shown in Figure 6 . Figure 6 , the system speed stiffness decreased with the increase in system pressure. The main reason is that the dynamic viscosity of the oil decreases with the increase in system pressure, resulting in a growth of the system leakage coefficient. In this case, the drop of hydraulic motor speed increases, which reduces the system speed stiffness. The experimental data are consistent with the theoretical results. To sum up, the system speed stiffness decreased with the increase in the leakage coefficient (rising system temperature/pressure). This conclusion agrees well with the theoretical results.
Hydraulic motor shaft inertia
The experimental data with 0, 1 and 2 inertia discs (each disc weighs 0.6kg·m 2 ) were recorded at the electric motor speed of 600 r/min, the hydraulic motor displacement of 10mL/r, the oil temperature of 20℃ and the magnetic powder brake controlled voltage of 0.55V. The speed stiffness curves of the system are shown in Figure 7 . As shown in Figure 7 , the system speed stiffness increased with the rotational inertia on the output shaft of the hydraulic motor. This trend can be explained as follows: With the growth in rotational inertia, when the output flow of the VSPCMS drives the hydraulic motor to work, the first step is to provide energy to the inertia disc(s) to enhance the resistance to load disturbance. That is why the system acquires a greater speed stiffness. The experimental data are consistent with the theoretical results.
CONCLUSIONS
In this paper, a mathematical model was established for the VSPCMS and used to study the multiparameter coupling mechanism of the system. On this basis, the author derived the expression for system speed stiffness and determined how it is influenced by multiple parameters. The speed stiffness refers to the system's ability to output a stable speed against the load variation. It is positively correlated with the system's resistance to load disturbance. The greater the speed stiffness, the smaller the fluctuation of output speed and the more stable the system. Moreover, several experiments were carried out to explore how the system speed stiffness is affected by three leading influencing factors in the VSPCMS, hydraulic motor displacement, leakage coefficient (system temperature and pressure) and hydraulic motor shaft inertia. The experimental data agree well with the theoretical results: the system speed stiffness is positively correlated with hydraulic motor displacement and hydraulic motor shaft inertia and negatively with leakage coefficient.
The research findings shed new light on system dynamic design and active control. Based on the results on system speed stiffness, the future research will determine the design parameters and control the operation parameters.
